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SUMMARY 


A  joint  U.S.  Army  Aviation  Materiel  Laboratories/NASA-Ames/Bell 
Helicopter  Company  experimental  investigation  of  full-scale 
rotor  blades  was  conducted  in  the  NASA-Ames  Large  Scale  Wind 
Tunnel.  Specifically,  a  UH-1B  44-foot-diameter  rotor  having 
reduced- thickness  tips  was  evaluated  in  a  range  of  Mach  numbers 
up  to  0.94  and  advance  ratios  of  up  to  0.52.  Additionally, 


UH-1D  rotor  blades  iuced  in  diameter  to  34  feet  were  tested 
at  advance  ratios  up  to  1.1.  Calculated  performance  is  com¬ 
pared  with  the  experimental  results  obtained  to  establish  the 


validity  of  the  theoretical  technique  at  high  advance  ratios. 
In  general,  it  was  found  that  quasi-static,  two-dimensional 
techniques  were  adequate  up  to  an  advance  ratio  of  about  0.5. 
Above  this  advance  ratio,  theoretical  techniques  break  down, 
especially  with  respect  to  calculating  rotor  propulsive  force 
or  drag. 


Theory-experiment  comparison  with  the  44-foot-diameter  rotor, 
operated  at  high  Mach  numbers,  showed  that  Mach  number  effects 
are  predictable  to  an  advance  ratio  of  at  least  0.45. 


The  34-foot-diameter  rotor  became  increasingly  sensitive  to 
control  input  with  advance  ratio.  At  an  advance  ratio  of  1.1, 
this  rotor  system  displayed  a  long  transient  response  to  a 
control  input  before  obtaining  its  steady-state  orientation, 
and  at  the  largest  values  of  collective  pitch,  the  flapping 
would  not  completely  stabilize. 


FOREWORD 


The  results  from  the  full-scale  rotor  performance  tests  of  a 
two-bladed  semirigid  rotor  system  are  contained  in  this  re¬ 
port,  The  tests  were  conducted  in  the  Large  Scale  Wind  Tunnel 
at  KASA-Ames  Research  Center.  The  project  was  performed  under 
Contract  DAAJQ2-67-C-0061  (Task  IF1622 0^13903)  under  the 
technical  cognizance  of  Patrick  Cancro,  Project  Engineer.  U„S. 
Army  Aviation  Materiel  Laboratories. 

The  Rell  Helicopter  Company  program  was  conducted  under  the 
technical  direction  of  J.  F.  Van  Wyckhouae,  Project  Engineer, 
with  the  assistance  of  3.  Charles,  Research  Aerodynamics; 

W.  Wilson.  Dynamics;  A.  Gravely,  Dynamic  Structures;  and  N.  T. 
Williams,  Administration.  The  assistance,  cooperation,  and 
active  participation  of  John  McCloud,  III,  and  James  Biggera 
of  the  HASA-Ames  Research  Center,  in  organizing  and  conducting 
the  tests,  are  gratefully  acknowledged. 
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Systems  of  Axes 
1.  Wind  axis  system: 


xw  Longitudinal  Wind  Axis.  Axis  )ying  along  the 

airstream  or  relative  wind  direction. 

z  Normal  Wind  Axis.  Axis  perpendicular  to  the 

w  longitudinal  wind  axis  in  the  plane  of  the  wind 

axis  and  the  shaft  centerline. 

y  Lateral  Wind  Axis.  Axis  perpendicular  to  the 

x  .  and  z„  axes . 
w  w 

2.  Shaft  axis  system: 

zg  Shaft  Axis.  Axis  coincident  with  the  shaft 

centerline. 

x  Longitudinal  Shaft  Axis.  Axis  perpendicular 

to  the  shaft  axis,  in  the  plane  of  the  shaft 

axis  and  relative  wind  direction. 

y  Lateral  Shaft  Axis.  Axis  perpendicular  to 

8  the  x8  ^nd  zs  axes.  This  axis  is  coincident 

with  the  lateral  yw  wind  axis. 

3.  Control  sixis  system: 

z  Control  Axis.  Axis  of  no  feathering.  Axis  with 

reference  to  vrhich  there  is  no  first  harmonic 
pitch  change  with  azimuth  angle.  This  axiw  may 
be  tilted  with  respect  to  the  shaft  longitu¬ 
dinally  (with  Bis )  and  laterally  (with  Ais), 
separately  or  in  combination. 

x,  Lungi tudinal  Acis.  Axis  perpendicular  to  the 

control  axis  in  the  plane  of  the  control  axis 
and  the  relative  wind  direction. 

y  Lateral  Axis.  Axis  perpendicular  to  the  xc 

and  zc  axes. 

4.  Virtual  axis  system: 

z  Virtual  axis.  Axis  of  no  flapping.  Axis  with 

v  respect  to  which  there  is  no  first  harmonic 

blade  flapping.  This  axis  is  perpendicular  to 
the  "tip  path  plane”  for  zero  flapping  hinge 
offset. 

x  Longitudinal  Axis.  Axis  perpendicular'  to  the 

vertical  axis  in  the  plane  of  the  virtual  axis 
and  the  relative  w’nd  direction. 

y  >  Lateral  Axis.  Axis  perpendicular  to  the  xv 

and  zv  axes. 


INTRODUCTION 


As  the  state  of  the  art  of  rotary-wing  aircraft  advances,  it 
becomes  increasingly  evident  that  high  advance  ratios  and  high 
Mach  numbers  will  become  standard  operating  conditions  of 
future  rotorcraft.  In  fact,  several  compound  research  air¬ 
craft,  capable  of  exploring  these  regions,  have  been  or  are 
being  flown.  Presently, ‘existing  experimental  research  consists 
mainly  of  scale  model  rotor  tests,  such  as  described  in  Ref¬ 
erence  1,  and  the  limited  full-scale  wind  tunnel  high  advance 
ratio  tests,  as  described  in  Reference  2.  It  has  been  well 
established  that  scale  model  data  obtained  in  air  cannot  be 
extrapolated  to  full-scale  results  because  of  the  Reynolds 
number  effects.  Scale  results  where  Reynolds  number  is  main¬ 
tained  by  using  mediums  other  than  air,  such  as  freon,  are  not 
yet  available.  The  limited  full-scale  semirigid  rotor  results 
of  Reference  2  were  not  sufficient  for  adequate  performance 
correlation  and  evaluation  of  theoretical  techniques  at  high 
advance  ratios.  References  3  and  4  are  representative  of  the 
existing  state  of  the  art  of  performance  calculations,  and 
both  are  widely  accepted. 

Clearly,  more  full-scale  data  at  high  advance  ratios  must  be 
acquired  under  controlled  conditions.  The  NASA-Ames  Large 
Scale  Wind  Tunnel  is  the  only  facility  where  these  data  can  be 
obtained.  Flight  test  results  are  not  sufficiently  accurate 
to  evaluate  these  regions  of  flight  or  tu  correlate  with 
theoretical  techniques  in  detail.  In  free  flight,  conditions 
cannot  be  carefully  controlled;  and  as  yet,  instrumentation 
techniques  have  not  been  evolved  to  measure  rotor  forces  ac¬ 
curately.  Thus,  this  program  was  undertaken  to  provide: 

1.  Full-scale  semirigid  rotor  performance  results  at 
high  advance  ratios 

2.  Exploration  of  the  flight  test  envelope  of  the 
U.S.  Army  Aviation  Materiel  Laboratories-Bell 
Helicopter  High  Performance  Helicopter  (HPH) 

Specifically,  a  34-foot-diameter,  low- twist  rotor  was  tested 
up  to  advance  ratios  of  1.1;  and  a  44- foot-diameter ,  low- 
twist,  thin-tip  rotor  designed  for  the  HPH  was  tested  in  an 
HPH  flight  regime  up  to  Mach  numbers  of  0.94  and  advance 
ratios  of  0.52.  Additionally,  state-of-the-art  performance 
calculations  were  compared  with  the  test  results  obtained. 
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TEST  EQUIPMENT 


ROTOR  TEST  MODULE 

Figure  1  shows  the  rotor  test  module  in  the  NASA-Ames  40-  x 
80-fout  Wind  Tunnel.  The  mounting  frame,  pylon,  and  drive 
system  are  enclosed  by  an  aerodynamic  fairing  of  tear-drop 
shape.  The  maximum  diameter  of  the  fairing  is  6.66  feet,  and 
the  length  is  22  feet.  Further  description  of  the  Cost  module, 
power  distribution  panel,  control  module,  and  associated  in¬ 
strumentation  may  be  found  in  Appendix  II  of  Reference  5. 

ROTOR  SYSTEM  AND  BLADES 


Two  2-bladed,  semirigid  rotor  systems  using  a  UH-1D  underslung 
feathering  axis  hub  were  tested.  The  44- foot-diameter  rotor 
system  had  modified  UH-1B  blades  incorporating  reduced¬ 
thickness  tips  and  low  aerodynamic  twist.  The  34-foot-diameter 
rotor  system  had  modified  low-twist  UH-1B  blades  of  reduced 
diameter.  The  purpose  of  the  reduced-diameter  rotor  was  to 
lower  the  rotational  velocity  (HR)  without  requiring  changes 
in  the  standard  UH-1D  transmission  so  that  high  advance  ratios 
(V/ftR)  could  be  obtained.  Basic  data  for  these  rotors  are 
given  below: 

34-Foot  Rotor 


Airfoil  Designation  (Root  to 

Chord 

Diameter 

Twist 

Disc  Area 

Solidity 

Effective  Root  Cutout 
Lock  Number 

44-Foot  Tapered  Tip  Rotor 

Airfoil  Designation 
Root  to  .78R 
.78R  to  Tip 
Tip 

Chord 
Diameter 
Twist 
Disc  Area 
Solidity 

Effective  Root  Cutout 
Lock  Number 


Tip)  NACA  0012 

I. 75  ft 
34  ft 
-1.42  deg 
908  ft2 
.0656 

II. 8  pc" 
3.62 


NACA  0012 

Uniform  Thickness  Change 
NACA  0006  Mod  (See 
Table  I) 

1.75  ft 
44  ft 
-1.83  deg 
1520  ft2 
.0506 
9.1  pet 
7.05 
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TABLE  I. 

AIRFOIL  CONTOURS  *  STATION 

”26470  1 

(in  percent  of  airfoil  chord) 

Upper  Surface 

Lower  Surface 

Station 

Ordinate 

Ordinate 

0 

-.547 

-.647 

.5 

.004 

-1.219 

1.0 

.290 

-1.419 

2.0 

.  709 

-1.661 

3.0 

1.028 

-1.819 

4.0 

1.300 

-1.938 

5.0 

1.528 

-2. 033 

10.0 

2 . 304 

-2.380 

12.0 

2.485 

-2.500 

14.0 

2.619 

-2  „vL9 

20.0 

2.866 

-2.866 

25.0 

2.971 

-2.971 

30.0 

3.000 

*3.000 

40.0 

2.900 

-2.900 

50.0 

2.647 

-2.647 

60.0 

2.281 

-2.281 

70.0 

1.833 

-1.833 

78.0 

1.419 

-1.419 

86.0 

1.047 

-1.047 

98.7 

.276 

-.276 

100.0 

.128 

-.128 

*N0TE,  NACA  Ai 

rfoil  Conventions  Observed 

INSTRUMENT AT  ION 

Instrumentation  was  installed  to  provide  roror  and  control 
position  data  and  for  monitoring  structural  loads  during  the 
tests.  The  loads  data  were  monitored  by  digital  readout 
and  oscilloscope  and  were  recorded  on  magnetic  tape  using  a 
contractor  supplied  data  acquisition  system.  Control  posi¬ 
tion  data  were  displayed  in  digital  form  on  a  test  control 
console  and  were  recorded  by  hapd  entry  in  the  tea*-  log. 

Loads  data  were  obtained  from  foil  type  (350  ohm)  strain 
gages  wired  into  four  active  arm  bridges  and  excited  by  a 
common  DC  voltage.  The  strain  gage  sensitivities  were" deter¬ 
mined  by  direct  calibration  through  the  expected  operating 
range.  The  load  equivalent  electrical  output  *>as  obtained 
using  a  precision  resistor  shunt  on  one  leg  of  the  bridge. 
Position  data  were  obtained  from  potentiometers  used  as 
voltage  dividers.  Positions  were  calibrated  by  moving  the 
hardware  incrementally  through  the  full  operating  ranges  and 
plotting  electrical  output  versus  mechanical  position. 
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TEST  RESULTS 

GENERAL  DISCUSSION 


1  The  advance  ratio  and  Mach  n;Knhf>r  combinations  tested  with 
■  the  44-foot  ond  34- foot-diameter  rotors  are  shown  in  Table  II 
and  Table  III;  respectively. 


TABLE  II . 

44 -FOOT- DIAMETER  ROTOR 

ADVANCE  RATIO 

TIP  MACH  NUMBER 

4 

M(1.0,  90. ) 

0.31 

0.88 

C.36 

0.80 

0.36 

0.90 

0.40 

0.83 

0.41 

0.94 

0.45 

0.77 

0.45 

0.90 

0.46 

0.86 

0.51 

0.80 

0.52 

0.81 

TABLE  III. 

34 -FOOT- DIAMETER  ROTOR 

' 

ADVANCE  RATIO 

TIP  MACH  NUMBER 

4 

M(1.0.  90.) 

0.51 

0.64 

0.65 

0.54 

0.76 

0.50 

0.86 

0.47 

0.94 

0.49 

1.1 

0,51 

A  graphical  presentation  of  the  44-foot-diameter  rotor  data 
and  the  complete  NASA-Ames  balance  data  reduction  tabulation 
are  presented  in  Appendixes  I  and  II,  respectively.  In  addi¬ 
tion  to  the  performance  data,  rotor  system  loads  ar.d  moments 
were  recorded.  The  principal  purpose  of  monitoring  these  data 
was  to  assure  that  maximum  acceptable  structural  loadings  were 
not  exceeded  and  to  detect  the  onset  of  possible  dynamic  or 
aercelastic  problems. 
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testing  procedure 

? ?«„ th®.  44- f 2° t" d iame Ier  rctor  et  eich  particular  test  -.ondi- 
rol°*;  rotational  speed  and  the  tunnel  speed  wcf ad¬ 
justed .  to  maintain  constant  values  of  rotor  advance  rt\*  io  and 
advancing  tip  Mach  number.  The  rotor  shaft  angle  (tec’-  module 
pitchy  and  rotor  collective  pitch  were  then  varied  in  iven  in¬ 
crements  to  o.ap  the  test  envelcoe.  The  rotor  cyclic  £« 

adjusted  to  minimize  the  first  harmonic  flapping  with’ respect 
to  the  rotor  shaft,  and  data  were  recorded  at  each  ir.  r^&ertsl 
comomation  of  shaft  angle  and  collective  pitch. 

The  method  used  for  the  34-f ooc-diameter  rotor  was  ,  Ughtlv 

cn/rf'1:  *?ince  thl  40‘  x  S0'fcot  Large  Scale  Wi.sd  Tunnel  is 
e  -lmtted  (Vmax  =  190  knots),  the  procedure  used  was  to  fix 

taL  ^  and  "djust  the  rotor  rotations  speed  to  ob- 

•  ?;a  h}'h  advance  ratios.  The  Mach  number  thu .  obtained  varied 
with  advance  ratio  but  is  believed  to  be  sa«U  eSoSh  “  magn t 

to  o  fi2'ibe  dlSCOur,ted  as  a  prime  variable  (Mr  •  n  Q0  ^  =  o  47 
to  3.64).  Once  the  test  conditions  were  -  j.Xeo’0fchf0'-otor  shaf'- 
angle  (test  module  pitch)  and  rotor  ccU-c^'pitch*^  ’ 
varied  in  even  increments  to  map  the  test  envelop*  Th-  row 
cyclic  pitch  was  adjusted,  to  minimize  tne  first  harmonic  flap' 
ping  with  respect  to  the  rotor  shaft,  and  data  were  -"corded 
pitch?  lncre“er'tal  '■ombination  of  shaft  angle  and  ’col'lective 

Jl‘LWUi?-tKnriel  baLance  data  were  recorded  by  NASA -Aoce s .  These 
data  which  appear  m  Appendix  II,  were  resoLved  suer  ^hat 
all  forces  were  m  the  relative  wind  axis  system,  and  all 
moments  were  transferred  from  balance  resolving  center  to  the 

s^ra°Lr^? of  the  hi^b  -f-5e.crsrtj.° the 

DISCUSS  ION  OF  RESULTS  AND  COMPARISON  WITH  THEORY 
Description  of  the  Theory 

rotn^Mff^Cf  3  is  a  w}de Ly  ac.-epted  method  for  calculating 
rotororaft  performance,  it  was  desirable  to  correlate  the  ex¬ 
perimental  results  of  this  test  with  the  charts  of  Reference 
cl— Ho"?'e!L:  direct  copar-lson  was  not  possible  for  two  rea- 

fch  numbers  were  significantly  lower,  and 

ed  in  LL  lL  rl  S  near  the  lcWer  limit  ^commend- 
...  ^n.Refe£ence  3.  Therefore,  a  rotor  performance  calculating 

technique  based  upon  Reference  6  was  modified  to  duplicate  thf 

?£f!LoI?e?erenCe  -1-  -The  fheoretical  program  also  included 
the  simplifying  assumptions  of  that  reference,  which  are  : 

l*  Two-dimens iona L ,  steady-state  flow  is  assumed  at 
each  blade  element. 

2.  Radial  velocity  effects  are  neglected. 
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2.  The  blade  Is  considered  to  be  rigid. 

4.  Rutor  inflow  is  assumed  to  be  constant  over  the  disc. 


Furthermore ,  the  technique  used  the  airfoil  data  of  Reference 
3  and  was  checked  out  against  the  tables  of  Reference  ?. 


Reference  3's  assumption  of  constant  rotational  speed  about 
the  shaft  a^is  is  not  applicable  to  the  semirigid  rotor.  The 
assumption  litiifcr m  inflow  is  believed  to  be  valid  for  these 
comparisons,  especially  for  the  3^-foot  rotor,  whore  the  ad¬ 
vance  ratio  is  high  and  the  induced  velocity  is  small  compared 
to  the  forward  velocity.  Aerodynamically ,  then,  assumption?  1 
and  2  are  of  prime  interest;  however,  it  ir  beyond  the  scope 
of  this  report  to  isolate  th  srious  aerodynamic  effects  or 
to  offer  an  improved  calculating  technique.  References  8  and 
9  give  some  insf.ght  into  radial  flow  and  unsteady  effects. 
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Reference  5  presents  theory-experiment  comparison  using  the 
aforementioned  assumptions  and  shows  good  correlation  at  low 
advance  ratio;:  end  nigh  advancing  tip  Mach  numbers. 

»4-Foot- Diameter  Rotor 

Previous  correlations.  Reference  5,  have  shown  good  agreement 
at  low  advance  ratio  and  high  advancing  tip  Mach  number  for 
both  standard  and  thin->:ipped  UK- ID  rotors.  In  this  section, 
theory  is  compared  wic'u  full- seal?,  test  data  obtained  with  a 
UH-1B  44- foot-diameter.  low-t\  ist,  chin-tipped  rotor.  The 
regime  of  operating  conditions  tested  (advance  ratio  and  ad¬ 
vancing  tip  Mach  number)  partially  overlap*  that  of  the 
earlier  test  (Reference  5)  but  extends  to  higher  advance 
ratios. 


The  experimental  data.  Figure  2,  are  presented  in  the  carpet 
plot  format  of  Reference  3  for  three  iiCt  coefficient- 
rolidity  ratios.  Eacn  -rapn  contains  the  rotor  performance 
for  a  given  Mach  number  and  advance  ratio.  The  validity  of 
theoretically  determined  rotor  performance  at  the  same  opera¬ 
ting  conditions  is  illustrated  by  comparing  the  experimental 
data  with  the  dashed-line  theory  curves.  In  Figure  2(a-c), 
these  test-theory  correlations  are  shown  for  advance  ratios 
of  0.36,  0.45  and  0.51,  while  the  Mach  number  is  held  approxi¬ 
mately  constant:  MQ..0,  90.)  =  0.8,  Ihe  calculated  perfor¬ 


mance  shows  acceptable  agreement  with  test  result 


Vr,"  U  - 
*-  -  — 


0.36;  but  as  the  advance  ratio  is  increased  to  4  =  0.45,  the 
agreement  begins  to  deteriorate,  particularly  at  high  lift 
coefficients.  Finally,  at  4  =  0.51,  the  re.st  data  exhibit 
sizably  larger  torque  coefficients  than  theory  would  predict 
for  any  given  rotor  resultant  force  shown  (resultant  force 
coefficient  =  Vq  2  +  c  2). 

L  D 
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Confirmation  of  this  trend  is  also  found  at  higher  Maci. 
numbers.  Figures  2d  and  2e  present,  tne  performance  corre¬ 
lation  at  M  0.36  and  4  =  0.45  for  an  advancing  tip  Mach 
number  ^(x.O  90.)  =  0*9.  The  test-theory  differences  at 

0.6  Mach  number  are  nearly  identical  with  the  0*9  Mach  number 
case  for  0.45  advance  ratio.  This  not  only  supports  the 
above  statements,  but  indicates  that  the  observed  differences 
are  nearly  independent  of  the  advancing  tip  Mach  number. 

To  summarize  the trends  graphically,  the  test-theory  differ¬ 
ences  of  Figure  2  are  shown  cross-plotted  (for  Cl /nr  =  O.Qb 
and  C d/o'  =0)  as  functions  of  advance  ratio  and  Mach  number 
in  Figure  3.  The  important  feature,  shown  in  Figure  3a,  is 
the  rapid  divergence  of  test  theory7  agreement  with  advance 
ratio  in  the  4  =  0.4  to  0.5  range.  In  dimensional  form,  the 
0.8  Mach  number  curve  would  indicate  that  theory  underestimates 
the  power  required  by  43  HP  at  4  =  0.4,  whereas  for  4  =  0.51 
the  discrepancy  is  equal  to  137  HP.  Further,  in  Figure  3b, 
the  4  =  0.45  curve  would  chow  that  at  M(1.0,  90.)  =  0.8  the 
power  difference  is  63  HP,  while  at  M(i,o,  93.)  =  0.9  it  is 
55  HP,  indicating  the  weak  influence  of  advancing  tip  Macn 
nurater  on  the  advance  ratio  trend. 

34-root-Djamater  Rotor 

Correlation  with  the  44-foct-diametfcr  rotor  data  has  uncovered 
the  inability  of  theory  to  predict  rotor  performance  at  moder¬ 
ately  high  advance  ratios.  In  this  section,  the  test- theory 
comparisons  are  extended  to  advance  ratios  greater  than  unltv, 
and  they  show  that  agreement  continues  to  grow  worse  as  the 
advance  ratio  is  increased  beyond  4  -  0.5.  These  results  are 
not  entirely  unexpected,  however,  as  quasi-static,  rigid  blade 
theory  does  not  account  for  the  nonlinearities  associated  with 
high  advance  ratio  operation  oi  radial  flow  and  unsteady 
effects . 

The  major  drawback  of  the  theory  is  its  failure  co  yield  the 
correct  rotor  propulsive  force  (or  Cq/ct)  for  advance  ratios 
much  above  4  =  0.5.  This  is  illustrated  in  Figure  4,  which 
presents  drag  coeff Icient/aolidity  versus  anglp  of  attack  et 
constant  collective  pitches  for  an  s’. -nee  ratio  of  0.8G. 

On  this  figura,  the  dasheG  axis  corr.  ponds  to  the  theory 
axis,  vhicr.  has  beers  shifted  0.005  along  the  Co  /or  ordinate 
and  1  degree  along  the  control  angle  of  attack  abscissa  in 
order  to  make  the  experimental  and  calculated  results  agree. 

To  show  the  order  of  magnitude  of  this  error,  the  following 
numerical  example  is  used.  For  4  =  0.86  tfc  M(i.q,  90  )  =  0.90, 
the  forward  speed  is  255  knots,  a  normal  compound  helicopter 
operating  ec-ndition.  For  the  UH-1B  44-foot-diameter  rotor, 

Cd/6  -  0.005  (the  error  in  minimum  drag  coefficient/solidity 
on  Figure  4  between  theory  and  test)  corresponds  tu  an 
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equivalent  flat  plate  drag  area  (f)  of  1.7  square  feet.  A  well 
designed  compound  helicopter  cruising  at  this  speed  at  minimum 
drag  coefficient  would  have  a  total  f  of  about  1 r  square  feet. 
Therefore,  if  the  thrusting  power  plants  were  s'  .ed  to  the 
theoretical  minimum  rotor  drag,  the  aircraft  v7ould  be  under¬ 
powered  by  from  15%  to  20%  at  255  knots. 

The  vertical  axis  shift  (Cd/ct)  required  to  make  the  state-of- 
the-art  calculated  results  agree  with  experiment  is  defined  as 
the  drag  coefficient  difference.  ACd/ct  (ACo/cr  =  Co/crpest  - 
CD/c^theory )  •  This  drag  coefficient  difference  versus  advance 
ratio  is  graphed  on  Figure  5  (note  that  the  Mach  number  also 
varies  from  0.47  to  0.64).  The  values  of  the  circular  symbol 
points  in  Figure  5  have  been  obtained  from  the  test- theory  cor¬ 
relations  presented  in  Figures  6b  through  lib  and  represent  the 
magnitude  of  the  theory-ordinate  shift  necessary  to  give  good 
agreement  between  the  theoretical  and  experimental  drag  curves. 
Therefore,  when  viewing  these  drag  curves,  it  ic  important  to 
realize  that  the  theoretical  values  (dashed  lines)  are  graphed 
with  respect  to  an  axis  which  is  shifted  relative  to  the  axis 
containing  the  experimental  values.  The  same  technique  has 
been  applied  to  previous  high  advance  ratio  results  (Reference 
2).  These  results,  denoted  by  triangular  symbols,  indicate 
the  same  trend  with  advance  ratio  and  confirm  the  magnitude  of 
test- theory  drag  differences.  The  variation  is  linear  with 
advance  ratio,  indicating  that  this  error  cannot  be  attributed 
to  a  test  inaccuracy  such  as  a  tare  force  (probably  the  most 
common  testing  error),  since  an  error  in  a  drag  tare  would  re¬ 
sult  in  a  parabolic  variation,  not  a  straight  line  as  shown  on 
the  figure. 

An  obvious  second  error  would  be  that  the  two-dimensional 
drag  coefficients  used  in  the  calculation  were  optimistic. 

Tl-  :  can  be  discounted  for  two  reasons:  (1)  in  the  previous 
section,  good  performance  correlation  was  obtained  at  low 
advance  ratio  with  the  same  airfoil  data,  and  (2)  reasonable 
power  correlation  was  obtained  throughout  the  advance  ratio 
range,  and  if  the  airfoil  drag  coefficients  were  increased 
sufficiently  to  get  Cd/ct  agreement,  large  overestimations  of 
the  power  required  would  result. 

The  previous  paragraphs  have  pointed  out  one  serious  short¬ 
coming  of  the  present  state-of-the-art  performance  calculating 
technique  which  can  create  serious  problems  for  all  high  ad¬ 
vance  ratio  machines.  The  calculated  propulsion  force  re¬ 
quired  to  overcome  the  rotor  drag  is  optimistic. 

For  the  lift  and  torque  curves  of  Figures  6  through  11,  no 
shift  was  made,  in  the  axes.  Theory  and  test  are  graphed 
with  respuct  to  the  same  ordinate  and  abscissa.  If  a  shift 
in  the  control  axis  angle  of  attack  had  been  made,  the  lift 
and  torque  correlations  below  rotor  stall  would  be  improved 
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for  the  lower  collective  pitches.  At  the  higher  collectives, 
however,  this  shift  would  produce  an  over-correction. 

A  second  test-theory  discrepancy  which  may  also  be  a  problem 
for  all  compounds  and  stopped-rotor  vehicles  is  that  the 
theory  predicts  che  wrong  trends  in  autorotation  at  nigh 
advance  ratios.  This  is  shown  in  Figure  12,  which  gives  the 
lift  variation  in  autorotation  at  several  advance  ratios  with 
control  axis  angle  of  attack.  First,  examine  the  calculated 
performance  (dashed  lines).  The  theory  shows  a  rotation  of 
the  autorotation  line  with  advance  ratio  for  all  advance 
ratios.  At  ac  =  0,  the  autorctating  lift  increases  with  ad¬ 
vance  ratio;  at  negative  angles  of  attack  greater  than  2 
degrees,  the  lift  decreases  with  advance  ratio.  The  same 
trend,  with  a  displacement  of  the  curves  to  the  right  is 
shown  for  the  experimental  results  (solid  lines)  up  to  an 
advance  ratio  of  0.94.  However,  at  H  =  1.1,  the  nexc  test 
advance  ratio,  the  autorotative  lift  remains  constant  at  a 
high  value  with  angle  of  attack. 

To  illustrate  the  practical  importance  of  the  difference  be¬ 
tween  the  test  and  the  calculated  results,  consider  the 
following  situation.  A  compound  helicopter  has  a  total  power 
failure  at  /i  =  1.1  (V  =  300  kts ,  QR  =  460  ft/sec),  and  the 
machine  is  configured  to  enter  autorotation  at  a  =  -2°.  The 
theory  shows  that  the  rotor  lift  is  about  2000  pounds  for  the 
UH-1  rotor,  but  the  test  results  give  a  4000-pound  rotor  lift, 
twice  that  expected.  This  compounds  the  designer’s  classic 
problem  of  the  co  oand  helicopter,  which  is  to  "dump”  the 
wing  lift  in  high-speed  autorotation,  since  the  rotor  is  pro¬ 
ducing  more  lift  than  expected.  Therefore,  to  maintain  a 
reasonable  rate  of  descent  compatible  with  building  up  rotor 
rpm,  more  wing  lift  must  be  "dumped"  than  anticipated.  This 
is  a  serious  matter  in  practical  design,  and  the  data  of 
Figure  12  indicate  chat  the  problem  will  remain  even  at  an 
advance  ratio  of  0.5. 

A  third  possible  problem  for  all  high  advance  ratio  machines 
is  shown  in  Figure  13 ;  which  is  a  graph  of  mean  lift  curve 
slope  versus  advance  ratio.  3oth  the  theory  and  test  results 
show  negative  slopes  in  the  area  of  m  =  0.9,  a  possible  in¬ 
stability.  In  addition  to  the  possible  problem  area,  this 
figure  also  shows  trrt  the  calculated  lift  curve  slopes  are 
good,  and  the  theory  also  gives  the  points  of  inflection  and 
the  possible  instability. 

For  the  first  time,  sufficient  data  have  been  recorded  with 
this  rotor  to  expose  another  phenomenon  apparently  caused  by 
autorotation  at  high  advance  ratios.  Figures  7  and  8  sh  -.w 
that  as  the  rotor  enters  autorotation  at  low  collective 
pitches  (most  notably  at  0.75R  =  0°),  the  lift,  drag,  and 
torque  curves  exhibit  irregular  values.  No  explanation  for 
the  phenomenon  has  been  found.  However,  it  car-..,ot  be 
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attributed  to  scatter  in  the  test  data,  since  it  was  repeatable 
by  entering  autorotation  from  both  the  positive  and  the  nega¬ 
tive  torque  side. 

In  addition  to  the  phenomenon  described  above,  the  rotor  system 
also  had  a  relatively  long  transient  response  to  a  control 
input  at  the  highest  test  aavance  ratio  (f*  =  1.1).  With  a 
control  input  from  a  steady-state  condition,  the  rotor  would 
"wander”  before  it  reached  a  new  steady-state  orientation. 

The  transient  response  motion  was  small  in  magnitude  and  could 
not  be  detected  by  eye,  but  it  was  detectable  on  the  rotor 
flapping  monitoring  instrumentation,  which  was  designed  to 
measure  flapping  motion  of  less  than  0.1  degree. 

At  1.1  advance  ratio,  rotor  sensitivity  increased  with  in¬ 
creased  collective  pitch  and  became  the  limiting  factor  in 
the  test.  At  the  highest  collective  pitch  for  each  shaft 
angle  tested,  the  rotor  flapping  would  no  longer  stabilize: 
and  although  the  magnitudes  of  the  transient  flapping  excur¬ 
sions  were  small,  it  was  considered  unsafe  to  test  beyond  the 
highest  collective  pitches  given  in  Figure  10  with  this  parti¬ 
cular  34-foot-diameter  rotor  system. 
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CONCISIONS 


Full-scale  rotor  performance  date  up  ro  an  advance  ratio  of 
1.1  and  an  advancing  tip  Mach  number  of  0.94  have  been  analyzed 
and  compared  with  theoretical  techniques  of  Reference  3  to 
yield  the  following  conclusions: 

Comparison  of  the  44-f oot-diame  ir  rotor  data  with 
theory  shows  that  agreement  deteriorates  rapidly 
with  advar  ce  ratio  above  fz  =  0.4  and  that  Mach 
number  has  little  effect  on  this  trend. 

-  Theoretical  correlations  with  the  high  advance 
ratio  data  (fz  =  0.5  to  1.1)  show  that  theory 
predicts  optimistic  values  of  rotor  propulsive 
force . 

Based  upon  quasi-static,  two-dimensional  tech- 
niaues,  theoretical  predictions  of  advance  ratio 
effects  break  down  in  the  range  p  =  0.4  to  0.5 
and  should  be  used  with  extreme  caution  to  obtain 
magnitude  above  jz  =  0.5. 

In  general,  the  theory  shows  the  proper  trends 
with  advance  ratio  even  when  the  magnitude  of 
the  drag  does  not  correlate  well.  An  exception 
to  this  is  at  the  advance  ratio  of  1.1,  where, 
the  theory  did  not  properly  predict  the  autoro¬ 
tation  trends. 

No  stability  limits  were  encountered  in  the  0.5 
Mach  number  range  for  advance  ratios  up  to  1.0; 
however,  both  test  and  theory  show  the  existence 
of  a  possible  instability  near  n  ~  0.9. 

At  an  advance  ratio  of  1.1,  the  rotor  system  dis¬ 
played  a  long  transient  response  to  a  control  in¬ 
put  before  the  steady-state  orientation  was 
achieved  for  all  test  conditions.  At  the  highest 
test  collective  pitch,  the  flapping  would  not 
completely  stabilize. 
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DRAG  COEFFICIENT/SOLIDITY  RATIO  ,Cn/cr 


0  .004  .008 

0  .004  .008 

TORQUE  COEFFICIENT/SOLIDITY  RATIO,  Cg/cr 

a)  P  -  0.36;  Mqq,  90.)  =  °-80 

Figure  2.  Test-Theory  Comparison,  Nondimens ional 
Performance  of  44-Foot-Diameter  Rotor 
at  Various  Combinations  of  Advance  Ratio 
and  Advancing  Tip  Mach  Number. 


DRAG  COSFFICIENT/SOLIDITY  RATIO 


0  .004  .008 

0  .004  .008 


TORQUE  COEFFICIENT/SOLIDITY  RATIO,  Cg/cr 
b)  =  0.45;  M(1>0f  90>)  =  0.77 
Figure  2.  Continued. 
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TORQUE  COEFFICIENT/SOLIDITY  RATIO,  Cq/ct 

c)  ^  =  0.51;  90.)  ”  °’8G 

Fieura  2.  Continued. 


TORQUE  COEFFICIENT/SOLIDITY  RATIO,  Cq/ct 
d)  A  =  0.36;  M,-U0)  go>)  =  0.90 
Figure  2.  Continued. 


Test  — 
Theory 


-.00' 


-.001 


-.01: 


H 

uBin 


0  .004  .008 

0  .004  .008 

0  .004  .006 

,'ORQUE  COEFFICIENT/SOLIDITY  RATIO,  Cq/ct 

e)  4  =  0.45;  M(lto,  90.)  =  °-90 
Figure  2.  Concluded. 


Torque  Coefficient  Difference,  .Torque  Coefficient  Difference 

AC^  /it  AC  -,/nr 


Figure  3 


Advance  Ratio, p. 


a)  Cq/o-  vs  / 


.7  .8  .9  1.0 

Advancing  Tip  Mach  No., 

}1(1.0,  90.) 

b)  Cq/ct  vs  M(1i0,  90,) 

44-Foot-Diameter  Rotor  Teat- Theory 
Comparison.  Torque  Coefficient  Differe  *ce 
vs.  Advance  Ratio  and  Advancing  Tip  Mach 
Number,  C^/cr  ~  0.04}  C^/d-  =0. 
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Figure  4.  A  Comparison  of  the  Te3t-Theory  Drag 

Coefficient/Solidity  Ratio  Versus  Ccntrcl 
Axis  Angle  of  Attack  for  the  34-Foot- 
Diameter  Rotor  at  4  =  0.86  arvd  MQ.o,  90.) 
0.47  Illustrating  the  Required  Theory  Axis 


DRAG  COEFFICIENT  DIFFERENCE, AC n/,r 


ADVANCE  RATIO, M 

Figu.c  5.  34-Foot-Diameter  Rotor  Test-Theory  Comparison. 

Test-Theory  ''rag  Coefficient  Difference  vs. 
Advance  Ratio  for  Mq  q  90  )  Varying  From 
0.47  to  0.64.  ’ 
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CONTROL  AXIS  ANGLE  OF  ATTACK,  ac,  DEG 
c)  Cq/ct  vs  cc 
Figure  6.  Concluded. 
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LIFT  COEFFIGI ENT/SOLIDI.TY  RATIO,  C.  /or 


CONTROL  AXIS  ANGLE  OF  ATTACK,  c*c ,  DEG 
a)  CL/c r  vs  ac 

Figure  7.  Test-Theory  Comparison,  Nondimensronal 
Performance  of  the  34-Foot-Diameter 
Rotor  for  Various  Collective  Fitch  Angles 
at  C  =  0.65;  M(u0>  90.j  =  0.54. 
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DRAG  COEFFICIENT/SOLIDITY  RATIO,  C  /<r 
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CONTROL  AXIS  ANGLE  OF  ATTACK,  «Cj  DEG 

b)  CD/<r  vs  ac 
Figure  8.  Continued. 
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Test  - 

Theory  — 


CONTROL  AXIS  ANGLE  OF  ATTACK,  «c ,  DEG 
a)  C^/cr  vs  ac 

Figure  9,  Test-Theory  Comparison,  Nondimensional 
Performance  of  the  34-Foot-Diameter 
Rotor  for  Various  Collective  Pitch  Angles 
at  4  =  0.86;  M(UQj  90 #)  =  0.47. 
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CONTROL  AXIS  ANGLE  OF  ATTACK,  «c  ,  DEG 
a )  C~  '<x  vs  a 

L  C 

gure  10,  T->st-Theory  Comparison,  Nondimensional 
Performance  of  the  34-Foot-Diame  :er 
Rotor  for  Various  Collective  Pitch  Angles 
at  —  0.94;  M/-,  n  r\n  \  ~  0,49, 


DRAG  COEFFICX ENT/SOLIDITY  RATIO,  C  /cr 


\XIS  ANGLE  F  ATTACK,  a,,  DEG 


a)  CL/cr  vs  ac 

Test-Theory  Comparison,  Ncndimensional 
Performance  of  the  3h-Foot-Diame ter 
Rotor  for  Various  Collective  Fitch  Angie 


CONTROL  AXIS  ANGLE  OF  ATTACK, 
b)  Cp/cr  vs  aQ 
Figure  LI.  Continued. 
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IROL  AXIS  ANGLE  OF  ATTACK,  a  ,  DEG 

c 

3^-Foot-DianieUer  Rotor  Test-Theory 
Comparison  of  the  Lift  Variation  with 
Control  Axis  Angle  of  Attack  in  Auto- 
rotation  at  Various  Advance  Ratios. 
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Figure  L3.  Test-Theory  Comparison,  Rotor  Lift 
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Rotors. 
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APPENDIX  I 
GRAPHED  DATA 


The  data  presented  in  this  appendix  (Figures  14  through  23)  are 
from  the  wind  tunnel  balance  and  model  instrumentation  as  tabu¬ 
lated  in  Appendix  IV.  The  symbols  are  actual  test  points  and 
show  lift,  drag,  and  torque  coefficients  as  a  function  of  col¬ 
lective  pitch  (0.75r).  These  data  illustrate  the  consistency 
of  the  experimental  results. 

Rotor  rotational  speed  and  tunnel  speed  were  adjusted  to  obtain 
the  desired  advance  ratio  and  advancing  tip  Mach  number.  The 
cyclic  pitch  was  adjusted  to  minimise  hirst  harmonic  rotor 
flapping;  and  at  each  combination  of  shaft  angle  and  collective 
pitch,  the  data  were  recorded.  Collective  pitch  or  shaft  angle 
was  then  changed,  and  the  above  procedure  was  repeated  until 
the  envelope  was  explored. 
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LIFT  COEFFIGIENT/SOLIDITY  RATIO,  C. /a- 


CONTROL  AXIS  ANGLE  CF  ATTACK,  DEG 


Figure  14. 


Nondiraensional  Performance  Data  for  the 
44-Foot-Diameter  Rotor  for  Various  31ade 
Collective  Pitch  Angles,  f*  =  0-.31; 


M(1.0,  90.) 


0.88. 
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COHTRCL  AXIS  ANGLE  OF  ATTACK,  aQ, 


Figure  IS.  Nondimensioaal  Performance  Data  for  the 
44-Foot-Diamister  Rotor  for  Various  Blade 
Collective  Pitch  Angles,  V-  =  0.36; 

M(1.0,  90.)  K  °*80* 
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Figure  15.  Continued, 


TORQUE  coefficient/solidity  ratio. 
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CONTROL  AXIS  ANGLE  OF  ATTACK,  «c,  DEG 
Figure  15.  Concluded. 
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CONTROL  AXIS  ANGLE  OF  ATTACK,  «c,  DEG 
Figure  16.  Concluded. 
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Figure  17. 


Nondimens ic- :  ..  Performance  Data  for  the 
44_Fooc~Di&raeter  Rotor  for  Various  Blade 
Collective  Pitch  Angles,  4  =  0.40; 


M(1.0,  90.) 


0.83. 
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COEFFICIENT/SOLIDITY  RATIO, 
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CONTROL  AXIS  ANGLE  OF  ATTACK,  «c,  DEG 
Figure  17.  Concluded. 
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LIFT  COEFFIC  IE  NT/SOLIDITY  RATIO,  Cj/cr 


Figure  18. 


Nondimensional  Perforipance  Data  for  the 
44-Foot-Diameter  Rotor  for  Various  Blade 


Collective  Pitch  Angles,  4  =  0.41; 
M(1.0,  90.)  =  °*94‘ 
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LIFT  COEFFICIENT/SOLIDITY  RATIO,  CT Ar 
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CONTROL  AXIS  ANGLE  OF  ATTACK,  ac,  DEG 


Figure  19. 


Nondiraensional  Performance  Date  for  the 
44-Foot-Diameter  Rotor  for  Various  Blade 
Collective  Pitch  Angles,  4  =  0.45; 


M(1.0,  90.) 


0.77. 
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CONTROL  AXIS  ANGLE  OF  ATTACK,  « 
Figure  19.  Concluded. 


LIFT  COEFFICIENT/SOLIDITY  RATIO,  CT /c r 


CONTROL  AXIS  ANGLE  OF  ATTACK,  a  ,  DEG 


Figure  20. 


Nondune ns iona I  Performance  Data  for  the 
44-Foot-Diameter  Rotor  for  Various  Blade 
Collective  Pitch  AngLes,  4  =  0.45; 


M(I.O,  90.) 


0.90. 
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TORQUE  COEFFICIENT/SOLIDITY  RATIO,  CQ/o r  DRAG  COEFFICIENT/SOLIDITY  RATIO,  C D/<r 
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CONTROL  AXIS  ANGLE  OF  ATTACK,  <*c,  DEG 
Figure  20.  Concluded. 
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21.  Nondiraensional  Performance  Data  for  the 
44-Foot-Diarae ter  Rotor  for  Various  Blade 
Collective  Pitch  Angles,  P  =  0.46; 


TORQUE  COEFFICIENT/SOLIDITY  RATIO,  CQ/ r  DRAG  COEFFICIENT/SOLIDITY  RATIO, 
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CONTROL  AXIS  ANGLE  OF  ATTACK,  a  ,  DEG 

'  c 7 

Figure  21,  Concluded. 
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Figure  22.  Nondimensional  Performance  Data  for  the 
44-Foot-Diameter  Rotor  for  Various  Blade 
Collective  Pitch  Angles,  4  =  0.51; 

M(l,0,  90.)  =  °'80* 
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Figure  22.  Concluded. 
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LIFT  COEFFICIENT/SOLIDITY  RATIO,  C ,/£r 


CONTROL  AXIS  ANGLE  OF  ATTACK,  «c,  DEG 


Figure  23.  Noudimensional  Performance  Data  for  the 
44™Foot-Diaiars  ter  Rotor  for  Various  Blade 
Collective  Pitch  Angles,  =  0,52; 


TORQUE  COEFFICIENT/SOLIDITY  RATIO,  C Q/ar  DRAG  COEFFICIENT/SOLIDITY  RATIO, 


CONTROL  AXIS  ANGLE  OF  ATTACK,  <x^  DEG 
Figure  23.  Concluded. 
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APPENDIX  II 
TABULAR  DATA 


The  data  presented  in  this  appendix  were  recorded  by  the  Large 
Scale  Aerodynamic  Branch  of  the  NASA-Ames  Research  Center. 
Table  IV  relates  the  test  conditions,  rotor  configuration, 
and  the  page  number  wnere  these  data  are  presented. 

Data  Reduction 


Six-component  forces  and  moments  were  measured  by  the  wind 
tunnel  balance  system.  Tare  corrections  were  applied  to  the 
balance  data  to  account  for  forces  and  moments  produced  by 
the  exposed  model  support  struts,  the  faired  body,  and  the 
rotating  hub.  The  rotating  hub  tares  included  all  hardware 
inboard  of  the  2.66-foot  radius  station.  The  tares  were 
applied  based  on  wind  tunnel  dynamic  pressure  and  shaft  angle. 
Rotor  downwash  effects  on  the  tares  were  neglected,  and  no 
data  adjustments  were  made  for  wall  effects. 


65 


TABLE  I'v„  WIND  TUNNEL  TABULATED  DATA 


Table  Page 

Number  Description  Number 

44-Foot-Diameter  Rotor 


IV- 1 

<**  °-31-  Ma.o, 

90.) 

=  0.88 

67 

iv- : 

°-36-  Ma.o, 

90.) 

=  0.80 

68 

IV- 3 

°-36-  Ma.o, 

90.) 

=  0.90 

69 

IV- 4 

0.40,  M(1  _0i 

90.) 

=  0.83 

70 

IV- 5 

'**  °-41'  “U.O, 

90.) 

=  0.94 

71 

IV- 6 

'**  °-45-  “(1.0, 

90.) 

=  0.77 

72 

IV- 7 

°.45,  M(l  0_ 

90.) 

=  0.90 

73 

IV- 8 

(*=  0.46,  M(1  0_ 

90.) 

=  0.86 

74 

IV- 9 

"  =  °.51,  M(l 

90.) 

=  0.80 

75 

IV- 10 

4=  c-32»  M(l.o, 

90.) 

=  0.81 

76 

34-Foot-Diameter  Rotor 
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